Like most other eukaryotes, Saccharomyces cerevisiae harbors a GPI anchoring machinery and uses it to attach proteins to membranes. While a few GPI proteins reside permanently at the plasma membrane, a majority of them gets further processed and is integrated into the cell wall by a covalent attachment to cell wall glucans. The GPI biosynthetic pathway is necessary for growth and survival of yeast cells. The GPI lipids are synthesized in the ER and added onto proteins by a pathway comprising 12 steps, carried out by 23 gene products, 19 of which are essential. Some of the estimated 60 GPI proteins predicted from the genome sequence serve enzymatic functions required for the biosynthesis and the continuous shape adaptations of the cell wall, others seem to be structural elements of the cell wall and yet others mediate cell adhesion. Because of its genetic tractability S. cerevisiae is an attractive model organism not only for studying GPI biosynthesis in general, but equally for investigating the intracellular transport of GPI proteins and the peculiar role of GPI anchoring in the elaboration of fungal cell walls.
Introduction
Glycosylphosphatidylinositol (GPI) anchors are structurally complex glycophospholipids, which are added posttranslationally to the C-terminal end of secretory proteins after they have been translocated into the ER. GPI anchoring is utilized by most eukaryotes to express proteins at the cell surface. The structural components of some GPI anchors began to be identified in the 1980s and complete structures for the variant surface glycoproteins of Trypanosoma brucei and the mammalian Thy-1 glycoprotein had been worked out by Mike Ferguson, Steve Homans and their coworkers in 1988 [1, 2] . This pioneering structural work opened the door to studies concerning the biosynthesis of GPI lipids and their attachment to proteins as well as the identification of the genes involved in these processes. Presently, after 20 years of intensive work, genes required for the addition of about everyone of the different structural elements of the GPI anchor have been identified, but new subunits and regulatory elements of the identified enzymes continue to be discovered.
Precursors of GPI anchored proteins have a classical signal sequence for import into the ER at their N-terminus and a GPI anchoring signal at their C-terminus; the C-terminal signal is necessary and sufficient to direct GPI addition [3] . The C-terminal GPI anchoring signal is recognized and removed by a GPI transamidase, which replaces it by the preformed GPI. GPI anchoring signals are composed of a C-terminal hydrophobic domain, which is separated by a short hydrophilic spacer from the cleavage/attachment site (ω site) [4] [5] [6] . While several amino acids can serve as anchor attachment sites in other organisms (Ser, Asp, Ala, Asn, Gly, Cys), only Asn and Gly have been found so far in yeast. Nevertheless, the yeast transamidase also can add very efficiently to Ser, and with lower efficiency to Asp, Ala, and Cys [6] . A bioinformatics predictor specially designed for fungal genomes has recently become available and allows to predict GPI proteins and ω sites from protein sequence data more accurately than using the analogous predictors optimized for animal or plant sequences (http://mendel.imp.univie.ac.at/gpi/fungi_server.html) [7] .
Fig . 1A shows the average structure of the yeast GPI anchor as elaborated from the total pool of GPI anchors extracted from yeast cells without the prior purification of any particular GPI protein [8, 9] . The structure of the GPI core linking the protein to the lipid moiety is the same as in other organisms. Indeed, this core structure is very conserved among all eukaryotes, and the same is true for the enzymes that elaborate that structure: Almost all the genes identified as being essential for a given enzymatic step in mammalian or yeast cells have found their homologues in other eukaryotes. Amazingly, even certain side chains such as the forth mannose (Man4) or the phosphorylethanolamine (EtN-P) side chains added on Man1 and Man2 (Fig. 1A) are present both, in man and in yeast and thus have been conserved across long evolutionary distances. Thus, the GPI biosynthesis pathway is a very ancient and highly conserved pathway.
Excellent recent reviews summarize current knowledge about the biosynthesis of GPI anchors and the enzymes that are necessary for their elaboration [10] [11] [12] [13] [14] [15] .
The present review focuses on new data that emerged recently and have extended our understanding of the biosynthesis and role of GPI anchored protein in S. cerevisiae.
General properties of GPI proteins of yeast
All known GPI proteins of yeast seem to end up either at the plasma membrane or in the cell wall. A certain number of cell wall proteins (CWPs) of S. cerevisiae can be extracted from the glucan mesh simply by boiling in SDS cells in the presence of a reducing agent to break disulfide bridges. A larger part of cell wall proteins however is covalently linked to the insoluble glucan meshwork. Of those, the majority are first made as GPI anchored proteins, which at a certain maturation stage loose the lipid moiety of the GPI anchor and get attached through the remaining mannose residues of the anchor to β1,6-glucans. If these GPI-CWPs are expressed without the C-terminal GPI attachment signal, they are not attached to the glucan mesh and in many cases are secreted [16] [17] [18] . Similarly, certain GPI proteins are secreted when the amount of β1,6glucan is greatly diminished [19] [20] [21] . GPI-CWPs can be selectively removed from the cell walls by treatment with endo-β1,6-endoglucanase or hydrofluoric acid (HF) [22] . A minor subpopulation of cell wall proteins are not GPI proteins but are nevertheless attached to glucans through a covalent, alkali-sensitive linkage; these proteins have been named ASL-CWPs [23] . Recent reviews summarize current knowledge about the yeast cell wall architecture [23] [24] [25] [26] [27] [28] .
Comprehensive lists of GPI proteins have been compiled by in silico analysis of the yeast genome [7, [29] [30] [31] but only for a minority of them the existence of a GPI anchor has been established biochemically. Biochemical evidence can be obtained through indirect methods, e.g., through the demonstration of a loss of hydrophobicity upon treatment with PI-specific phospholipase C (PI-PLC), through metabolic labeling with anchor components such as [ 3 H] inositol, by the loss of surface localization upon site directed mutation of a putative ω site, or by the demonstration of a covalent, alkali-resistant, glucanase-sensitive association with the cell wall, for which the addition of a GPI anchor is a prerequisite. A more direct demonstration of GPI anchoring is obtained through purification of GPI proteins and the analysis of their C-terminal end by chemical and physical methods, e.g., mass spectrometric analysis [32] .
Biosynthesis of GPI lipids in yeast

Technical aspects
Contrary to other systems, metabolic labeling of yeast cells with components of the GPI anchor such as mannose or inositol does not allow to detect any free GPI lipids, whereas inositollabeled GPI proteins can readily be detected. This suggests that the steady state level of free GPI lipids is very low. However, the main reason for the failure to detect free GPI lipids after metabolic labeling may be the fact that the GPI lipids are not made in excess of what is needed for GPI anchoring and that yeast does not contain any free GPIs in its cell membranes as is the case in other organisms. The main pathway generates CP2, which contains 4 mannoses and 3 EtN-P's as depicted in Fig. 2 . CP2 is the largest and most polar GPI precursor lipid of yeast and is supposed to be attached to proteins. It is unclear whether CP2 is the only GPI lipid that gets attached to proteins in as much as other GPI lipids lacking EtN-P side chains on Man1 or Man2 equally accumulate, when the transamidase ceases to work and since there presently is no biochemical prove that yeast GPI protein anchors carry an EtN-P on Man2 [9] . The average structure of the yeast GPI anchor as elaborated from the total pool of GPI anchors [8, 9] . The conserved carbohydrate core structure is in bold characters. The most mature GPI lipid (CP2) accumulating in GPI transamidase mutants contains 4 mannoses (Man1 to Man 4) and phosphorylethanolamine (EtNH 2 -P) substituents on Man1, Man2 and Man3. A 5th mannose (Man5) can be added to GPI proteins while they transit through the Golgi apparatus, whereby Man5 is added either in α1-2 or in α1-3 linkage [8, 111] . Although present on CP2, it is not certain that the EtNH 2 -P on Man2 is present on GPI anchors of proteins [9] . The palmitic acid on the inositol (Ins) is present on all but the earliest free GPI lipids but it is removed as soon as the GPI lipid is attached to a protein. (B) The two alternative lipid moieties, diacylglycerol (DAG) or ceramide are found on mature GPI proteins. In both anchor lipids the C26 fatty acid can be α-hydroxylated [8] . x probably is 14 or 16.
GPI lipids are built by the stepwise addition of sugars and phosphorylethanolamine to phosphatidylinositol
The genes encoding the different enzymes involved in the biosynthesis of GPI anchors have been cloned mostly by the complementation of mammalian or yeast mutants. Non-anchored GPI proteins do not reach the cell surface and selecting for cell lines lacking GPI proteins at their surface has allowed to isolate PIG and gpi mutants in mammalian cell lines and yeast, respectively, which are defective in one of the biosynthetic enzymes listed in Table 1 . The focus of this review will be on those steps, for which new data have been reported or in which the yeast machinery shows different characteristics than the mammalian one. Although the homology between yeast an mammalian genes is usually low, it tends to be higher for those proteins, which have a catalytic activity (Table 1) . In many cases heterologous expression experiments have shown that yeast genes produce functional proteins in mammalian cells and vice versa. The numbering of steps in Table 1 is somewhat tentative and indicates the most likely sequence of enzymatic reactions based on the structure of the GPI intermediates that accumulate in PIG or gpi mutants. The various steps are also visualized in Fig. 2. 
Step 1: PI-GlcNAc-transferase
The committed step of GPI biosynthesis is the addition of GlcNAc to PI. This transfer reaction occurs at the cytosolic surface of the ER and is critically dependent on Gpi3p, Gpi1p, Gpi2p, and Gpi15p and Gpi19p, which together form a multisubunit enzyme complex in the ER [33] [34] [35] . For some of them, the corresponding genes have first been cloned in the mammalian system by the group of Taroh Kinoshita, and the interactions of the various partners has been elaborated mainly in this system. However the strict conservation of all subunits in yeast and limited biochemical analysis suggest that the same multisubunit complex is operating in yeast [35] . Gpi3p contains a glycosyltransferase motif that is utilized by many glycosyltransferases of widely different specificity (Pfam PF00534), as well as a further motif, that is only shared amongst enzymes transferring GlcNAc to PI (Pfam PF08288). Gpi3p must be the catalytic subunit since it binds UDP-GlcNAc, and it does so without the help of other subunits [36] . Human GPI1 (PIG-Q) was shown to stabilize other components of the complex and to tie PIG-C to PIG-A and PIG H. Deletion of human GPI1 did however not totally abolish GPI anchoring of proteins [37] . A similar situation prevails in yeast: Gpi1p is not absolutely required and the low amount of GPIs made in gpi1Δ mutants is sufficient to keep cells viable at 24°C, but gpi1Δ mutants are not viable at 37°C. The mammalian enzyme complex also binds to and is stimulated by DPM2, a subunit of the mammalian Dol-P-Man synthase complex [38] . In contrast, the Dol-P-Man synthase of yeast shows a slightly different structure and consists of a single subunit, Dpm1p, and there is no homologue of DPM2 in yeast [39] . Finally, Eri1p has recently been identified as a further component of the yeast PIGlcNAc-transferase, which can be coprecipitated with Gpi2p [40] . ERI1, as GPI1, is required for cell growth at 37°C but not at 24°C. ERI1 encodes a 68 amino acid long, very hydrophobic miniprotein that seems to be genuinely required for GPI anchor biosynthesis as its depletion leads to the accumulation of an unanchored form of Gas1p, and because microsomes isolated from an eri1Δ mutant exhibit defects in the transfer of GlcNAc to an acceptor PI [40] . The mammalian ERI1 homologue PIG-Y has been cloned recently [41] . It has 22% sequence identity with ERI1 and exhibits a similar hydropathy profile as Eri1p. PIG-Y binds to PIG-A, but no other component of the PI-GlcNActransferase complex. This suggests that the interaction of yeast Eri1p with Gpi2p may also be mediated by Gpi3p. The other six subunits of the mammalian PI-GlcNAc-transferase form a complex even in the absence of PIG-Y [41] . By analogy, a hydrophobic, very short (36 amino acids (aa) long) protein named Ost4p is also present in the OST complex transferring oligosaccharides onto Asn residues for N-glycosylation. In contrast to Eri1p, Ost4p is required to stabilize the OST complex [42] .
Step 3: inositol acylation
O-palmitoylation of inositol in GPI structures was first noted in studies on the GPI anchor of human erythrocyte acetylcholinesterase and was demonstrated to be the cause of the resistance of GPI proteins or lipids to PI-PLC [43, 44] . Subsequent studies in many organisms showed that GPI lipids are usually acylated on the inositol while in protein anchors in general the inositol is not acylated [45] . Persistence of an acyl group on inositol in the protein-bound GPI anchors was however observed in human erythrocyte acetylcholinesterase, in GPI proteins of L929 fibroblasts [46] , as well as in the myristoylated GPI anchors of Plasmodium falciparum [47] . This persistence is somewhat surprising since it has been shown that GPI proteins are not efficiently transported from the ER to the Golgi, if they are not deacylated [48] . The acyl is attached to C2 of the Fig. 2 . The main pathway of GPI biosynthesis in yeast. Since no GPI intermediates are detectable in wild type cells, a likely pathway is proposed based on structures of GPIs accumulating in well-characterized gpi mutants [62, 68, 71, 72, 166] . Biosynthetic steps are numbered in accordance with the description in Table 1 . CP2 is the most polar lipid accumulating in gpi8 mutants. M4 is also transferred to GPI proteins, since GPI7 is non-essential [71] . All genes in the pathway encode integral membrane proteins having at least one and in most cases multiple membrane spanning domains.
inositol ring, but during purification and analysis of GPI lipids the acyl may migrate on the inositol ring to other positions through spontaneous transacylation [49] . The donor substrate for inositol acylation in Saccharomyces cerevisiae is acyl-CoA [50] while in mammalian cells an acyl-CoA-dependent as well as an acyl-CoA-independent pathway may coexist [51, 52] . In most organisms the acylation reaction occurs before the addition of the first mannose residue (Man1, Figs. 1A and 2). A gene encoding an acyltransferase adding fatty acids to inositol was recently identified and named PIG-W. PIG-W is a very hydrophobic ER protein [53] . The affinity purified enzyme had acylCoA-dependent inositol acyltransferase activity in vitro. PIG-W deficient cells are still able to make GPI lipids containing mannose and EtN-P on Man1. Based on the location of conserved regions and the predicted TM regions it was suggested that the catalytic site resides in the ER lumen. This suggests that PIGlcN can flip into the ER lumen and inositol acylation is not required for this flip reaction to occur [53] .
Step 4: addition of Man1
The first mannose is transferred from dolicholphosphomannose (Dol-P-Man) to GlcN-acyl-PI by PIG-M/Gpi14p [54] . Step 2: GlcNAc-PI de-Nacetylase Step 7:
Addition of Man3 616aa,−0.011 9 TM; (554aa, 7 TM)
Addition of Man4 516aa, 0.051, 7 TM; (579aa, 4 TM)
Addition of phosphorylethanolamine to Man3 1017aa, 0.157, 13 TM; (1089aa, 14 TM)
Step 10: GPI-EtN-P-T2 h GPI7 YJL062c LAS21 (hGPI7 25%) Addition of phosphorylethanolamine to Man2 830aa, 0.044, 9 TM; (975aa, 11 TM)
Necessary for EtN-P-T2 in yeast (and EtN-P-T3 in mammals) 219aa, 0.032, 4 TM; (219aa, 6 TM)
Step 11: GPI-Transamidase GPI8 YDR331w (PIG-K 56%) Catalytic subunit, homologous to cysteine proteases 411aa, 0.063, SS 9 , 1 TM; (395aa, SS, 1 TM) GAA1 YLR088w END2 (GPAA1 28%) Can bind the GPI lipid substrate 614aa, 0.057, 6 TM; (621aa, 7 TM) GPI17 YDR434w (PIG-S 23%) 534aa, 0.04, 2 TM (555aa, 2 TM) GPI16 YHR188c (PIG-T 30%)
May gate the access to the catalytic site 610aa, 0.151, SS, 1 TM; (578aa, SS, 1TM) GAB1 YLR459w CDC91 (PIG-U 30%) 394aa, 0.078, 8 TM; (435aa, 9 TM) Step 12: GPI-Inositoldeacylase BST1 YFL025c (PGAP1 31%) Removes acyl from inositol after the GPI has been added to protein 1029aa, 0.060, 8 TM; (922aa, 6 TM)
Step 13: GPI-remodelase GUP1 YGL084c May add C26:0 to sn-2 of diacylglycerol anchors 560aa, 0.137, 10 TM
Step 14: GPI-Protein-Acyltransferase
PIG-M contains a lumenally oriented, conserved DXD motif that is found in many Dol-P-Man utilizing enzymes. Mutation of this motif abrogates the catalytic activity of the enzyme, suggesting that its catalytic site resides in the ER lumen. This finding made it clear that the early GPI intermediates have to flip from the cytosolic leaflet to the ER lumen before the addition of the first mannose residue. A recent study from the lab of Taroh Kinoshita revealed that PIG-M/Gpi14p depends on a second subunit, PIG-X, a 252 aa long type I transmembrane glycoprotein forming a complex with PIG-M, thereby stabilizing it. PIG-X shows 16% identity with the C-terminal part of yeast PBN1, an essential gene [55] . Pbn1p also is a type I integral membrane, which is multiply N-glycosylated despite the apparent lack of a signal sequence in its primary sequence [56] . The cotransfection of PBN1 and GPI14 restored surface expression of the GPI protein CD59 to mammalian PIG-X-deficient mutants, whereas transfection of either PBN1 or GPI14 alone had no effect [55] . No other Dol-P-Man dependent mannosyltransferase had so far been reported to consist of a heterodimeric complex. PBN1 had been described as being specifically required for the autocatalytic processing of the vacuolar protease B (Pbr1p) [56] . PBN1 is essential whereas PRB1 is not. This had suggested that PBN1 had a second, essential function [56] , which now seems to be identified. Further studies will be required to determine if maturation of Prb1p requires GPI anchor biosynthesis in general or if PBN1 plays a more specific role in this maturation process.
Step 5: addition of Man2
Complementation cloning has recently identified the PIG-V as the transferase adding Man2 of the GPI core structure [57] . Mutation of conserved residues within the two hydrophilic, lumenally oriented, conserved regions abolishes activity, indicating that Man2 also is added on the lumenal side of the ER membrane. The yeast homologue of PIG-V is GPI18, an essential gene, and gpi18Δ mutants are rescued by the expression of mammalian PIG-V [57] .
Step 6: Addition of EtN-P onto Man1
The EtN-P-transferase transferring EtN-P to Man1 is encoded by MCD4 in yeast and its ortholog PIG-N in mammals ( Fig. 2) [58, 59] . Phosphatidylethanolamine (PE) serves as a donor of the EtN-P group [60] . MCD4 is essential and can be inhibited by YW3548 [61] . Addition of this inhibitor or the depletion of Mcd4p arrest the growth of yeast cells and lead to the accumulation of the abnormal GPI lipid M2* (Manα1-6Manα1-4GlcNH 2 -inositol-PO 4 -lipid), indicating a problem with the addition of Man3 (Figs. 1A and 2) [9, 59, 61, 62] and suggesting that Gpi10p, the mannosyltransferase adding Man3, strongly prefers substrates carrying an EtN-P substituent on Man1. Indeed, overexpression of Mcd4p can improve the growth of yeast cells in the presence of low concentrations of YW3548, while overexpression of Gpi10p is comparatively inefficient [59, 62] . While these data indicate that Mcd4p helps Gpi10p by providing an optimal substrate, they can't rule out the possibility that Mcd4p would influence the function of Gpi10p indirectly, e.g., by channeling substrates into Gpi10p or by regulating PE levels in the ER. There indeed is a genetic link between MCD4 and PE biosynthesis: The mcd4-P301L and mcd4-174 alleles render cells temperature sensitive (ts) when combined with psd1Δ, PSD1 being the phosphatidylserine decarboxylase, by which the bulk of PE is made. The mcd4-P301L mutation was claimed to not affect GPI biosynthesis. Temperature sensitivity of mcd4 psd1Δ mutants could be reverted by the addition of ethanolamine and choline to the media [63] . Temperature sensitivity of another mcd4 allele named fsr2-1 is suppressed by overexpression of PSD1, PSD2 or ECM33 [64] . Thus, Mcd4p may also play a role in PE metabolism. Recent data indicate that the EtN-P group added by Mcd4p is required for the recognition of GPIs by Gpi10p as well as by the transamidase complex and that this EtN-P group plays a role in ER to Golgi transport of GPI proteins and also in ceramide remodeling [65] .
Step 7: addition of Man3
The addition of Man3 is mediated by Gpi10p/PIG-B (Fig. 2 ). Gpi10p requires substrates containing an EtN-P residue on Man1, whereas this is not true for Gpi10p homologues of most protozoa, since GPI anchors of these organisms do not have an EtN-P on Man1. Deletion of PIG-N, the enzyme that adds EtN-P to Man1 in mammalian cells, does not completely abolish the addition of GPIs to proteins [59] . This may explain why the addition of YW3548, an inhibitor of PIG-N and Mcd4p does not significantly affect GPI protein expression in mammals or T. brucei, whereas it blocks the growth of yeast [59, 61] .
Steps 8 and 9: addition of Man4 and of EtN-P to Man3
Yeast Gpi13p and mammalian PIG-O are required for the addition of the EtN-P onto Man3 (Fig. 2) [66, 67] . Contrary to PIG-O, Gpi13p requires a forth mannose (Man4) to be present on its substrate [68] . This by itself offers an explanation, why Smp3p, the mannosyltransferase adding the Man4, is essential in yeast and in C. albicans [68, 69] . The human SMP3 homologue (hSmp3) is not expressed in many human cell lines, which however have no problem in GPI anchoring [70] . This argues that PIG-O does not require substrates with Man4. Another difference between yeast and man concerns the role of GPI11. PIG-O/GPI13 is assumed to be the catalytic entity adding EtN-P to Man3 because MCD4/PIG-N, GPI7/hGPI7, and GPI13/PIG-O form a gene family containing regions homologous to various phosphodiesterases and nucleotide pyrophosphatases and because there is good evidence for MCD4/PIG-N and GPI7/hGPI7 being the EtN-P transferases for Man1 and Man2, respectively [9, 59, 71] . PIG-F, the mammalian homologue of GPI11, is absolutely required for the addition of EtN-P to Man3 in mammalian cells because PIG-O is unstable in its absence [67, 72, 73] . In contrast, GPI11 has been reported to be dispensable for the addition of EtN-P to Man3. This was based on the finding that gpi11Δ cells, rescued by heterologous expression of human PIG-F, still add EtN-P to Man3, but not to Man2 suggesting that in yeast Gpi11p may be required to stabilize Gpi7p [72] . Yet, GPI11, an essential gene, must do something more than help stabilizing Gpi7p, which is nonessential. In our opinion, Gpi11p may be required to stabilize Gpi13p also in yeast, since the aforementioned gpi11Δ mutant overexpressing human PIG-F cannot be assumed to fully reflect Gpi11p deficiency. It is conceivable that human PIG-F, heterologously expressed in yeast, is apt to stabilize Gpi13p but not Gpi7p, thus rescuing gpi11Δ cells and at the same time imparting a gpi7Δ phenotype onto them.
Curiously, deletion of PIG-O in mammalian cells does not completely abolish GPI anchor addition to proteins and a minor GPI lipid carrying EtN-P on Man3 is still detectable in the PIG-O KO cells, suggesting the existence of a minor PIG-O-independent pathway for the addition of EtN-P to Man3 [67] . Thus, in mammalian cells, two pathways lead to the addition of EtN-P onto Man3, both being dependent on PIG-F [67] but only the major one being dependent on PIG-O. It may be speculated that the minor pathway is dependent on hGPI7. In yeast, no such minor pathway has been described and the overexpression of Gpi7p or Mcd4p cannot rescue the growth phenotype of Gpi13p depleted cells [9] .
3.2.8.
Step 10: addition of EtN-P to Man2
GPI7 and hGPI7 are believed to encode the transferase that adds EtN-P from PE onto Man2 of the GPI lipid (Figs. 1 and 2) [9, 71, 73] . Gpi7p a is a glycosylated integral membrane protein with 9-11 predicted TMs in the C-terminal part and a large, hydrophilic N-terminal ectodomain. The bulk of Gpi7p was claimed to be present in a high molecular weight complex at the plasma membrane, because treatment of spheroplasts with protease eliminated the high molecular weight form of Gpi7p [71] . This obviously was not compatible with the proposed function of Gpi7p as EtN-P transferase for GPI biosynthesis in the ER, and with the fact that this activity is easily detected in the microsomal in vitro system [9] . However, recent data show that a C-terminally tagged version of Gpi7p runs at an apparent molecular weight of about 90 kDa after denaturation in SDS at 4°C, while it runs at 220 kDa after denaturation in SDS at 95°C [74] (Y. Jigami, personal communication). Thus, Gpi7p may aggregate with plasma membrane proteins upon heating in SDS and the previous interpretation of data may be incorrect: For the moment it seems that Gpi7p may reside in the ER, which also is in agreement with the recently reported ER localization of a GFP-tagged Gpi7p [75] and with the recent localization of the human homologue hGPI7 to the ER [73] . While Gpi7p clearly seems to be important for the addition of EtN-P on Man2 of the GPI structure (Figs. 1A and 2) , it is not clear if the GPI anchored proteins contain this side chain [9, 71] . The study of EtN-P side chains is complicated by the fact that these side chains are chemically labile, specially the one on Man2 and that the stability of EtN-P substituents is influenced by substituents on neighboring mannoses [9] . The three putative EtN-P transferases Gpi13p, Gpi7p and Mcd4p cannot replace each other even when overexpressed [9, 67] . Genetic manipulations to increase PE levels in gpi7Δ cells by overexpression of PSD1 restore cell growth at 37°C without restoring the addition of a substituent to Man2 [9] .
Apart from exhibiting a deficiency in the EtN-P transfer onto Man2 detected in vivo and in vitro, gpi7Δ mutants transport GPI proteins from the ER to the Golgi more slowly than wild type. Moreover, gpi7Δ cells are deficient in remodeling of GPI proteins outside the ER (see below) and are calcofluor white sensitive at 37°C, indicating a problem with cell wall biosynthesis [76] .
Further genes to be discovered
The list of genes in Table 1 may not be complete as there still are mutants, which fail to express GPI proteins at the cell surface and in which all known PIG and gpi genes seem to be intact [77] . One can speculate that there would be a need for a flippase or scramblase able to flip PI-GlcN so that its hydrophilic headgroup is oriented towards the ER lumen. Also, flippases for acyl-CoA, Dol-P-Man and PE may be involved, although they might affect not only the GPI pathway and therefore be essential even in mammalian cells. On the other hand, these trans-bilayer movements of lipids are difficult to measure biochemically and it cannot be excluded that they occur spontaneously. Furthermore, functionally redundant components or regulatory proteins involved in the biosynthetic steps enumerated in Table 1 may have escaped detection so far, since their mutation would not compromise the surface expression of GPI proteins and they therefore would not be identified in mutant screens.
Addition of GPI lipids to proteins
Genetic and biochemical approaches have so far identified 5 proteins that encode the subunits of the transamidase complex, which transfers the GPI lipid to the newly made GPI protein in the ER (step 11, Fig. 2 and Table 1 ) [78] [79] [80] [81] [82] . All 5 proteins are essential in yeast and, in the mammalian system, all five are required for the nucleophilic attack on the ω site residue [81, 82] . GPI8/PIG-K and GPI16/PIG-T encode type I ER membrane proteins with large lumenal domains and a single TM [79] [80] [81] . Gpi8p has 25-28% homology to a family of cysteine proteinases and the mutation of Cys and His predicted to be active site residues by sequence comparison with related proteases yields non-functional GPI8 alleles [83, 84] . Moreover, purified trypanosomal Gpi8p was shown to contain proteolytic activity towards appropriate peptide substrates [85] . Gpi16p is linked through a functionally important and conserved disulfide bridge to Gpi8p [86, 87] . Gpi16p has been proposed to form a funnel that gates the access of proteins to the active site of the Gpi8p protease and thus contributes to the specificity of the GPI anchor addition [13] . GAA1 encodes a 70 kDa ER protein with an uncleaved N-terminal signal sequence, a large, hydrophilic, lumenal domain, followed by several TMs [81, 88] . Its last TM is required for binding the GPI lipid substrate into the transamidase complex [89] . Gpi17p/PIG-S is predicted to be mainly lumenal with its N-and C-terminal ends both being cytosolic. Gab1p is a very hydrophobic protein with many TMs [82, 90] . While Gaa1p, Gpi8p and Gpi16p are common to all eukaryotic organisms, Gpi17p and Gab1p are absent from trypanosomatids, which latter possess two unrelated integral membrane proteins of similar membrane orientation, TTA1 and TTA2 instead [91] . The mammalian complex made of the five aforementioned subunits, when purified from digitonin extracts, is able to hold substrate proteins, which can be removed by washing with NP-40 [86] .
As judged by staining of the SDS-PAGE gel, the purified mammalian transamidase complex contains all 5 subunits in comparable amounts [82] . A recent genome wide analysis of protein expression levels in yeast showed that a cell growing on rich media contains 1560, 1680 and 7520 copies of Gpi8p, Gpi16p and Gpi17p, while the signals for Gaa1p and Gab1p remained extremely low and undetectable, respectively [75, 92] . Yet, in the detergent purified yeast complex, as judged by silver staining, the amount of Gaa1p was similar to the one of Gpi8p and Gpi16p [80] and genomic tagging of GAB1 with GFP resulted in ER-localized fluorescence that was readily detected by light microscopy [90] . Thus, it is likely that, as in mammalian cells, Gaa1p, Gpi8p, Gpi16p and Gab1p are present at comparable amounts, whereas there may be supernumerary copies of Gpi17p. At least for Gpi8p it has been demonstrated that it is stabilized by the interaction with other subunits [80] . Similar observations have been made in the mammalian system where it was shown that Gpi16p is required for the stabilization of the other subunits [81] .
The molecular weights of all five known yeast transamidase subunits adds up to about 330 kDa which is less than the 430-650 kDa observed in blue native gel electrophoresis [80] , but this technique cannot be taken as a reliable indicator of the true molecular mass of the complex [93] . Based on genetic interactions between transamidase subunits it recently was proposed that the yeast transamidase complex, in contrast to the mammalian complex, may consist of two subcomplexes: one containing Gpi8p, Gpi16p, and Gaa1p and the other containing Gab1p and Gpi17p [90] . In keeping with this proposal, the use of GST-Gpi8p as the biochemical bait allowed the affinity purification of a Gpi8p-Gpi16p-Gaa1p three-component subcomplex [80] . Also, random and site directed mutagenesis generated mutations in several highly conserved amino acids but did not yield non-functional alleles of Gpi17p and a saturating screen did not yield any dominant negative alleles of Gpi17p. Moreover, on density gradients, the bulk of Gpi17p does not cosediment with Gpi8p and Gpi16p. These data suggest that yeast Gpi17p may be able to exert its GPI anchoring function without interacting in a stable and continuous manner with the other GPI-transamidase subunits [94] . Further studies are required to understand how the two subcomplexes of yeast interact and how the five subunits cooperate in order to transfer the GPI lipid onto nascent proteins.
Modifications of the GPI anchor after attachment to proteins
Removal of the acyl chain from inositol
As mentioned, GWT1 has recently been identified as the acyltransferase adding palmitic acid onto the 2-OH group of D-myo-inositol [53, 95] . In yeast, this acyl chain is found on all but the earliest GPI intermediates, but it is not present on the mature GPI anchor. When analyzing anchor lipids from cells metabolically labeled with [ 3 H] inositol for only very short periods, one not only finds PI but also traces of acyl-PI [49] . This suggests that in yeast the acyl moiety may be removed shortly after the addition of the GPI to proteins by the transamidase. In an elegant study, a gene coding for this deacylase activity, PGAP1, has recently been identified in mammalian cells [48] . For this, the authors exploited the fact that GPI anchors cannot be cleaved by PI-PLC, when the inositol is acylated. Thus, GPI proteins can be removed by PI-PLC treatment from the surface of normal, but not PGAP1-deficient cells. PGAP1 is a huge ER protein with 6 TMs and a large, lumenally oriented hydrophilic domain, which contains a conserved lipase motif. Mutation of a conserved serine of the lipase motif destroys the inositol deacylase activity. The yeast homologue of PGAP1 is BST1 [48] . Deletion of PGAP1 compromises the export of GPI proteins from the ER to the Golgi [48] . Mutations in BST1 generate a similar phenotype in yeast: bst1 (per17-1) cells display a delayed Golgi maturation of Gas1p whereas CPY as well as two other membrane proteins, alkaline phosphatase (ALP) and carboxypeptidase S (CPS) undergo Golgi maturation at a normal rate [96] . Per17-1 cells also induce an unfolded protein response (UPR) and are hypersensitive to the overexpression of misfolded proteins [96] . The role of Bst1p as an inositol deacylase thus explains the specific transport defect of GPI proteins of bst1 (per17-1) cells. It seems that the removal of the acyl from inositol is a prerequisite for efficient transport of GPI proteins from the ER to the Golgi also in yeast. BST1 was found to be important for ER associated degradation of a misfolded, soluble protein (ERAD) and it was claimed that transport of such proteins to the Golgi may be a prerequisite for degradation [96, 97] . Indeed, an extensive recent study on the degradation of an artificially generated, misfolded form of Gas1p (Gas1*p) confirms the role of Bst1p in its degradation [98] . Folding incompetent Gas1*p gets GPI anchored and is rapidly degraded in proteasomes. It reaches proteasomes through an unconventional pathway not involving the known E3 ubiquitin ligases involved in the classical lumenal and cytosolic ERAD pathways. Yet, The degradation of Gas1*p is strongly delayed in bst1Δ or sec18 cells. The data suggest that Gas1*p requires deacylation by Bst1p and trafficking through the Golgi, whereas the effect of BST1-deletion on the degradation of soluble misfolded proteins may be indirect [98] .
Remodeling of lipid moieties of GPI proteins
In several organisms the occurrence of rare lipid species on GPI anchors has been explained by lipid remodeling. This term is used for instances in which the lipid moiety of the free GPI lipid or the GPI anchor attached to a protein is modified. By definition, one can infer a remodeling event if early intermediates of the GPI lipid biosynthetic pathway, e.g., GlcN-acyl-PI, carry a different lipid moiety than later intermediates or proteinbound GPI anchors. Practically, however, it often is not trivial to obtain sufficient material of the earliest GPI intermediates for analysis. In some cases there are significant amounts of GlcNacyl-PI, but the bulk of this material may not be destined for GPI anchor biosynthesis, but rather serve to generate free GPI lipids. This seems to be the case for many mammalian cell lines that produce much more GPI lipids than what is needed for protein anchoring [99] [100] [101] [102] . In these cases it needs to be demonstrated that an early intermediate really is in the pathway leading up to protein-anchoring GPI structures. In yeast, where no early GPI intermediates are detectable, information can only be gained from GPI lipids accumulating in cells having mutations in the biosynthetic pathway.
The lipid moieties of mature GPI-anchors of S. cerevisiae usually do not contain the diacylglycerol present on the GPI lipid at the stage when it is transferred by the transamidase to GPI proteins and which probably contains the C16 and C18 fatty acids found in yeast PI [49, 103] . Most mature GPI proteins of yeast contain a ceramide moiety, whereas a minor fraction contains a modified diacylglycerol containing C26:0 in sn-2 [8, 49] (Fig. 1B) . It has to be noted that ceramides of S. cerevisiae almost exclusively contain C26 fatty acids. Thus, all mature GPI proteins of yeast contain large lipid moieties with C26 or hydroxylated C26 fatty acids, either in the form of a ceramide or a special diacylglycerol and these lipids are introduced by remodeling enzymes that replace the primary lipid moiety of the anchor.
Ceramides are also found in the GPI anchors in certain plants, (e.g., pears), Trypanosoma cruzi, Paramecium, Aspergillus fumigatus and Dictyostelium [12] , sometimes as the sole anchor lipid [104] . Recent studies show that, similar to yeast, the first steps of GPI biosynthesis in T. cruzi do not use ceramide as the lipid support, suggesting that ceramide is added by remodeling at a later step not only in yeast but also in T. cruzi [105] .
The yeast remodeling activity introducing ceramide (ceramide remodelase) can be monitored by metabolic labeling experiments using tritiated DHS ([ 3 H]DHS) [106] . When given to cells, this tracer is rapidly taken up and is incorporated into all sphingolipids as well as ceramide-containing GPI proteins. By metabolic labeling experiments in different secretion mutants with [ 3 H] DHS one finds that ceramide remodelase activity is present in both, the ER and beyond, i.e., the Golgi or the plasma membrane [106] . Ceramides with hydroxylated fatty acids (C26-OH) are only introduced in the Golgi while all other types of anchor lipids can be attached in the ER. Even on mature proteins, the ceramide moieties continue to be turned over [106] . The identity of the enzymes introducing ceramide is presently not known, but it is clear that this activity is different from Aur1p, the inositolphosphorylceramide synthase, which may perform a formally similar reaction [107] . Incidentally we found that gpi7Δ cells have very little ceramides with hydroxylated fatty acids (C26-OH) [71] . It may be that the Golgi remodelase introducing this ceramide needs GPI protein substrates carrying EtN-P on Man2 of their anchor, but as it is difficult to detect this substituent on GPI proteins [9] , it presently is not possible to show that Golgi remodeled proteins carry EtN-P on Man2. Many yeast strains, which have deletions in genes of unknown function have been tested for a deficiency in the remodeling of GPI anchors in this laboratory using a brute force screen. Above all, strains deficient in genes showing some homology with phospholipases A, B or C, with enzymes synthesizing or utilizing ceramides, with acyltransferases, or with other proteins binding acyl-CoA were tested. Part of this effort has been published on the web by the EUROFAN2 lipid node at http://mips.gsf.de/proj/ eurofan/eurofan_2/n7/conzelmann.html and many more strains have been tested since. Among all tested strains, only GUP1 could clearly be shown to be involved in GPI anchor remodeling, as it is essential for the synthesis of the C26:0-containing diacylglycerol anchors (step 13, Table 1 ) [108] . Gup1p is an ER membrane protein with multiple membrane spanning domains harboring a motif that is characteristic of membrane bound O-acyl-transferases (MBOAT). Gup1Δ cells make normal amounts of GPI proteins but most mature GPI anchors contain lyso-PI, others possess PI with conventional C16 and C18 fatty acids. The incorporation of the normal ceramides into the anchors is also disturbed. As a consequence, the ER to the Golgi transport of the GPI protein Gas1p is slow and mature Gas1p is lost from the plasma membrane into the medium. Gup1Δ cells have fragile cell walls and a defect in bipolar bud site selection. GUP1 function depends on the active site histidine of the MBOAT motif. GUP1 is highly conserved amongst fungi and protozoa and the gup1Δ phenotype is partially corrected by GUP1 homologues of Aspergillus fumigatus and Trypanosoma cruzi. Thus, it seems likely that the Gup1p mediated remodeling of GPI anchors also occurs in a similar way in other fungi and protozoa.
A further remodelase has also been identified recently in mammalian cells (step 14, Table 1 ). PGAP2 is necessary to prevent the hydrolytic removal of the lipid moiety of GPI anchored proteins [109] . PGAP2 is an integral membrane protein of the Golgi and is widely conserved in eukaryotes, but without any recognizable motif that would give a clue to its mode of action. In cells deleted for PGAP2, the GPI-proteins' diradylglycerol moieties are first converted to lyso-forms before they exit the trans-Golgi-network. Second, after GPI proteins with lyso-lipids have been transported to the plasma membrane, the lyso-lipids are cleaved by a phospholipase D. By consequence, deficiency of PGAP2 causes GPI proteins to be secreted. PGAP2 may be involved in the exchange of acyl moieties on sn-2 but other modes of action are equally possible [109] . S. cerevisiae contains a PGAP2 homologue, Cwh43p, the N-terminus of which shows about 25% identities spread over almost the entire length of PGAP2. Beyond this PGAP2 homology domain, Cwh43p contains a 500 aa long C-terminal extension, which also contains numerous transmembrane domains. This C-terminal part of Cwh43p in turn is about 25% identical with another human hypothetical membrane protein. Thus, it is possible that the CWH43 function is carried by two separate proteins in mammals. Cwh43p may serve a similar function in yeast as PGAP2, since cwh43Δ cells show a cell wall phenotype, are calcofluor white hypersensitive and secrete GPI proteins such as Cwp1p [110] .
Addition of Man5
A fifth mannose is added to 20-30% of GPI proteins in the Golgi (Fig. 1A) , the 5th mannose being added either in α1-2 or in α1-3 linkage [8, 111] . The data indicate that there must be an α1,3mannosyltransferase in the cis-Golgi and an α1,2manno-syltransferase in the trans-Golgi, but the genes coding for these activities have not been identified [111] . We also tested strains carrying multiple deletions in related, verified or putative α1,2-or α1,3-mannosyltransferases [112] . Thus the addition of the 5th mannose in α1-2 linkage in the kre2Δ ktr1Δ ktr2Δ ktr3Δ yur1Δ ktr6Δ mnn2Δ septuple mutant was normal and addition in α1-3 linkage in the mnn1Δ mnt2Δ mnt3Δ mnt4Δ quadruple mutant was equally normal (Patrick Jung, Howard Bussey and Andreas Conzelmann, unpublished).
Export and intracellular sorting of GPI proteins
Transport from ER to the Golgi
GPI anchored proteins leave the ER in COPII-coated vesicles and travel via the Golgi to the plasma membrane [113] . Yeast GPI proteins failing to be attached to a GPI anchor are retained in the ER, probably through signals contained in the uncleaved GPI attachment signal [114, 115] . Unanchored GPI proteins are eventually degraded, as had been found also in mammalian cells. GPI protein export out of the ER has been shown to be influenced by several factors that do not have a general impact on protein transport out of the ER, namely ceramides, the Emp24p complex, Yos9p and COP I [116] [117] [118] [119] [120] [121] [122] [123] . The role of Yos9p in the transport of Gas1p has however been questioned recently [124] [125] [126] . Moreover, Gas1p is sorted from other plasma membrane proteins in the ER and packaged into different vesicles than Gap1p, a amino acid permease of the plasma membrane [127, 128] . It is not clear if Gas1p reaches the same Golgi compartments as Gap1p and soluble cargo proteins.
Transport from Golgi to the plasma membrane
Cargo is carried from the late Golgi to the surface in several different types of vesicles [129] [130] [131] . Vesicles of higher density contain the soluble secretory enzyme invertase, acid phosphatase and most of exoglucanase activity; vesicles of lower density contain Pma1p, the plasma membrane H + -ATPase and Gas1p [132] . At some stage of the secretory pathway GPI proteins have to be sorted away from the vacuolar hydrolases. This sorting may be dependent on ergosterol since Yps1p, a GPI anchored protease, is found normally at the plasma membrane, but is partially mistargeted to the vacuole in erg6Δ mutants [133] . The separation of vacuolar and GPI proteins however may not be totally efficient, since the transfection of GFP-tagged GPI proteins has been observed to lead to vacuolar fluorescence also in wt backgrounds [134] (Régine Bosson, unpublished). It is not clear if GPI proteins enter the vacuoles by endocytosis from the plasma membrane or through a direct transport from the Golgi.
Specific destinations of GPI proteins
Some GPI proteins are targeted to specific sites of the cell wall. For instance, the putative glycosidase Crh2p is targeted to the base of the mother-bud neck during cytokinesis and this specific targeting depends on septin (CDC10), actin polarization (CDC42) and mutation of genes that are required to bring chitin synthase III (CHS3) to the same location, namely mutations in BNI4, CHS5, SBE2 and SBE22 lead to the accumulation of Crh2p in intracellular vesicles. An other GPI protein, Cwp1p however reaches the surface independently of these genes [134] .
Another example of a highly specific targeting of a GPI protein is EGT2. Egt2p localizes to the septum and is required for septum degradation and cell separation. It encodes a GPI protein that is specifically expressed in daughter cells at the early G1 phase, and it has been proposed that Egt2p is a glucanase or a regulator of a glucanase [135] [136] [137] . A recent study shows that Egt2p is targeted to the septum region in wild type cells but is dispersed over the whole cell surface of the daughter cell in gpi7Δ mutants [74] . Deletion of GPI7 did however not interfere with the septum localization of Eng1p, another daughter specific endoglucanase, which however is not anchored in the membrane. GPI7 dependent targeting to the septum could be conveyed to Eng1p by attaching the GPI anchor attachment signal plus 27 amino acids of the ω minus region of EGT2 to the C-terminal end of ENG1. Deletion of EGT2 partially rescued the growth phenotype of gpi7Δ mutants [74] . Together these findings suggest that the cell wall fragility of gpi7Δ mutants is due to the aberrant localization of Egt2p in the daughter cell wall, as Egt2p in gpi7Δ cells may weaken the cell wall at the wrong place and make the daughter cells osmosensitive. It is however not clear yet, if correct targeting of Egt2p requires that an EtN-P on Man2 of the GPI anchor of Egt2p is recognized or if it requires some more general cell wall properties, which are lost in gpi7Δ.
The trafficking of GPI proteins has been the subject of several recent reviews [93, 138] .
Integration of GPI proteins into the cell wall
The cell wall of S. cerevisiae is made up of an inner glucan layer, an outer mannoprotein coat as well as a small amounts of chitin. As stated in Introduction, many GPI proteins end up as cell wall proteins covalently linked to the β-glucans. This is also seen in other fungi such as Candida [139] [140] [141] but not in Aspergillus [142, 143] . The linkage region of GPI proteins in S. cerevisiae was elaborated through a pioneering study of Enrico Cabib's and Frans Klis' labs showing that Man1 of GPI anchors is glycosidically linked to β1,6glucan, which in turn is attached to β1,3glucan and chitin [144] . The linking structure was identified as protein-CO-NH-(CH 2 ) 2 -PO 4 -(Manα1-3Manα1-2→) Manα1-2Manα1-6Man-β1,6glucan. This structure indicates that the GPI anchor had been cleaved and the GlcN-PI moiety had been lost in the process. On the other hand, a minority of GPI proteins is found to reside at the plasma membrane. The classification of GPI proteins into cell wall proteins (GPI-CWPs) and plasma membrane proteins (GPI-PMPs) has to be regarded as relative rather than absolute, as it only indicates the predominant localization, whereby most GPI proteins can be found in both locations. Nevertheless, specific residues in the ω-minus region seem to favor either cell wall or plasma membrane localization. Basic residues in the region immediately upstream of the GPI attachment site (ω? site) are frequently found in GPI-PMPs such as Yps1p, Plb1p and Gas1p but are absent from cell wall proteins. Therefore, basic residues close to the ω? site were proposed to prevent further processing and integration into the cell wall [29, 145] . Analysis of a large panel of biochemically verified GPI proteins also suggested that the presence of V, I or L at ω-4 and ω-5 as well as of Y or N at ω-2 may act as a positive signal for cell wall localization [31, 146] . These suggestions were born out by a recent study, in which a GPI-PMP was mutated to build a library of 509′000 clones containing mutations in positions ω-1 to ω-6 [147] . The authors transfected the library and screened for clones integrating increased amounts of the GPI-PMP into the cell wall. A large panel of such mutants was sequenced [147] . The study demonstrates that removal of charged residues from positions ω-2 and ω-1 as well as introduction of a hydrophobic amino acid at ω-4 strongly favor cell wall integration. Cell wall integration however seems also to be influenced by sequences that lie further upstream of the ω-site. Indeed, many yeast GPI proteins contain serine/threonine rich regions of up to several hundred amino acids upstream of their ω-site and it was shown that such Ser/Thr rich sequences promote cell wall integration. The Ser/Thr signal is able to override a dibasic plasma membrane localization signal close to the ω-site. This further signal seems to be exploited by nature as in average the serine and threonine rich region is significantly longer in GPI-CWPs than in GPI-PMPs [148] . The presence of such a region may explain why there are considerable amounts of Gas1p covalently linked to the cell wall [32, 149] . Long serine and threonine-rich stretches not only favor integration into the cell wall, but they also enable GPI proteins mediating cell adhesion to display their N-terminal domains at the external surface of the cell wall, where they can interact with their ligands [140] . Indeed, artificial shortening of the serine/threonine rich stretch in the EPA1 gene of Candida glabrata abolished its adhesion function, because the N-terminal ligand binding domain of the shortened version of the protein was no more accessible at the cell surface, although it still was covalently linked to glucans [140] . The linking structure elaborated by Kollar et al. [144] showed a covalent link between Man1 (Fig. 1A) of the GPI anchor and a glucose residue being part of a β1,6glucan structure. This suggested a possible transglycosidation mechanism for the attachment of GPI proteins to the cell wall glucans. Recently, two candidate genes for this transglycosidase have been identified [150] . DFG5 and DCW1 are themselves GPI proteins, they are homologous to each other and are homologous to bacterial mannosidases, their ω minus sequences and Ser/Thr contents suggest that they remain at the plasma membrane. While dfg5Δ and dcw1Δ mutants are fully viable, the double deletion is lethal. The dcw1 dfg5 double mutants show a "cell wall phenotype", i.e., their cell wall becomes fragile and they secrete Cwp1p [150, 151] . Further work is necessary to firmly establish these proteins as the transglycosidases that anchor the GPI proteins to the cell wall glucans.
The covalent attachment of heterologous proteins to the yeast cell wall has been exploited to produce transgenic strains for use in food industry and pharmacology. Indeed, S. cerevisiae has "generally regarded as safe" (GRAS) status and can be used for food and pharmaceutical production; it therefore is one of the most suitable microorganism for practical purposes in the development of cell-surface expression systems [152] .
Properties and functional roles of yeast GPI proteins
As mentioned, GPI anchoring is an essential function in yeast [153] . Yet, there is only one GPI protein, which is essential, namely ROT1. Rot1Δ mutants can be rescued by 0.6 M sorbitol in the medium [20] .
GPI proteins can be grouped into different classes based on their functions. Many GPI proteins of the cell wall help to build and maintain the stretch resistance of cell wall components as the simultaneous deletion of multiple GPI proteins (Ccw12p, Ccw13p, Ccw14p, Tip1p, and Cwp1p) can lead to decreased osmotic stability [154] . Thus, many GPI proteins play a structural role and may give stretch resistance by interacting with glucans and other wall components or by interacting with each other through by noncovalent bonds and disulfide bridges. Other GPI proteins may act as enzymes to make and break glycosidic linkages and are required for elaboration of the cell wall and its reshaping during bud emergence, cell separation, mating or entry into stationary phase. Such a role has been demonstrated for Gas1p, which acts as a β1,3glucan specific transglucosidase [155, 156] , and are proposed for Egt2p (see above) as well as for Crh1p and Crh2p, two homologous proteins, both of which contain the glycosidase motif PF00722. Similarly, DFG5 and DCW1,contain an α1,6-mannanase motif (PF03663) and are supposed to cleave the Manα1,4GlcN bond of the GPI anchor in order to link GPI proteins covalently to the cell wall glucans (see above). Several GPI proteins have other enzymatic functions, e.g., the phospholipases B PLB1-PLB3, or the aspartyl proteases YPS1-YPS3 and YPS6. Many GPI proteins contain a domain, which is exposed at the surface of the cell wall, and mediate cell adhesion or biofilm formation. In this category we find the flocculins FLO1, FLO5, FLO9 and FLO11, the sexual agglutinins SAG1 and AGA1, and possibly the flocculin related semipauperin family (TIR1-TIR4, TIP1, DAN1, DAN4).
Supplemental Table S1 contains a compilation of potential and confirmed GPI proteins of yeast. It contains the 61 predicted or potential GPI proteins having an N-terminal signal sequence presented by Birgit Eisenhaber at http://mendel.imp. ac.at/gpi/fungi/pred/fungi.scerevisiae.html. but the zinc transporter ZRT3 was removed since it has 6-7 TMs upstream of the GPI anchoring signal and localizes to the vacuole. We added however ECM33 and AWA1, two recently described GPI proteins [52, 157] .
We tried to see if there are significant correlations between various parameters in Table S1 . We noted that the previous positive correlation between Ser/Thr content and tendency to localize to the cell wall [148] was highly significant (P = 0.005 or 0.027, depending on the criteria used to define CWPs). Moreover, the cell wall proteins have an isoelectric point (pI) of 4.865 ± 0.2194 whereas the proteins defined as PMPs in the same collection had a pI of 6.667 ± 0.9454, the difference being highly significant. The hydropathy of the N-terminal signal sequence of yeast secretory proteins determines whether they are inserted into the ER cotranslationally by an SRP-dependent, or posttranslationally by an SRP-independent pathway [158] . Gas1p has a signal peptide of low hydropathy and is inserted posttranslationally [158] . We did not find any correlation between the length of the N-terminal signal sequence or its hydropathy and the final localization (cell wall versus plasma membrane).
Given the fact that most GPI proteins are localized at the cell surface, is not amazing, to find that subtle deficiencies of GPI anchoring exhibited by strains deleted in one of the non-essential GPI biosynthesis enzymes (GPI1, ERI1, GPI7 and BST1) can perturb cell wall functions such as bud emergence, bud site selection and bud cell separation. Thus, GPI7 and BST1 are required for bipolar bud site selection [159] , while gpi1Δ mutants form large, round, multibudded cells with a cell separation defect [160] and gpi1Δ, gpi2 ts , gpi3 ts and mcd4-174 cells, under restrictive and semi-restrictive conditions, arrest cell growth at non-permissive temperature as large, round, mostly unbudded cells with a 2C (post-replication) DNA content [58] .
Regulation of GPI biosynthesis
Excellent recent reviews detail the multiple regulatory events inducing various GPI proteins during stress such as anaerobic conditions, low temperature, hypo-and hypertonic conditions, and in the diauxic shift [23, 28] . Many GPI proteins are transcribed in a cell cycle dependent manner and their location in the cell wall seems to be determined by the polarization of the secretory pathway at the time of their expression (reviewed by Smits et al. [27] ). Similarly, several GPI proteins are only expressed strongly when specific genetic programs are activated such as mating, pseudohyphal growth or sporulation. E.g., a-and α-agglutinins are GPI anchored, are only expressed when cells prepare for mating and are localized mostly in the shmoo tip [24] .
On the other hand, until very recently, the GPI anchoring machinery was regarded as an essential household function. Howzever, together with many other enzymes of the ER, several enzymes that are involved in GPI biosynthesis (GAA1, GPI12, LAS21, MCD4) are induced by the unfolded protein response, suggesting that this response anticipates the difficulties that may arise, when GPI proteins are not properly anchored [161] . More studies are required to understand, why only certain subunits of multisubunit complexes are induced. Moreover, it came as big surprise when it was shown that the GPI pathway could be greatly inhibited by activated (GTP-bound) Ras2p [40] . The studies leading to this discovery were originally concerned with ras signaling [162] . A first study had documented that ERI1 encodes a 68-amino-acid membrane protein that associates in vivo with GTP-bound Ras2p in a manner that requires an intact Ras-effector loop, suggesting that Eri1p competes with effector proteins for the same binding site on Ras2p. The depletion of Eri1p led to the phenotype typical of cells harboring constitutively active Ras2p alleles and overexpression of Eri1p was found to reduce Ras2p-GTP driven gene expression. Thus, this earlier report concluded that Eri1p was an ER based inhibitor of Ras2p [162] . It was subsequently realized that Eri1p is a subunit of the PI-GlcNAc-transferase and that GTP loaded Ras2p drastically reduced the activity of this enzyme complex [40] . Indeed, the PI-GlcNAc-transferase activity measured in vitro varies 200 fold between microsomes from cells expressing a constitutively active Ras2p allele (almost no activity) and the ones from ras2Δ cells (very high activity), although the activity probably varies within a smaller range in normal cells. What could regulation of GPI biosynthesis be good for? One answer to this question came from the observation that the reduction of GPI-biosynthesis in gpi1Δ/gpi1Δ mutants or a gaa1 mutant induced filamentous growth and invasive growth, as is seen in eri1Δ cells or cells that harbor hyperactive ras2 alleles. This and other data strongly suggest, that the PI-GlcNAc-transferase may not only be an inhibitor of Ras2p but also an effector that allows Ras2p-GTP to induce filamentous growth through inhibiting PI-GlcNAc-transferase. Things seem however to be more complicated, as Ras2p binds to PI-GlcNAc-transferase even in eri1Δ, i.e., independently of Eri1p, and because the invasive/filamentous growth phenotype of gpi1Δ/gpi1Δ mutants is abolished when RAS2 is deleted. Thus, it may be the combined effects of the reduction of PI-GlcNAc-transferase and some signaling through Ras2p, which jointly are responsible for invasive growth under more physiological conditions. The induction of pseudohyphal growth through inhibition of PI-GlcNAc-transferase also is paradoxical as the final output of the pseudohyphal growth program culminates in the expression of Flo11p, a GPI protein [29, 146] , whose presence by itself is sufficient to induce invasive growth independent of any upstream signaling [163] . It is possible that the pseudohyphal growth of gpi mutants is mediated by a FLO11-independent pathway as the one that is active in sfl1Δ mutants [164] . Whatever the exact mechanism, the RAS2↔PI-GlcNActransferase connection is one more example of the close interknitting and bidirectional cross talk between an enzyme involved in a household function and regulatory elements controlling stress responses. The ras↔PI-GlcNAc-transferase connection is yeast specific, since mammalian ras proteins do not bind to PI-GlcNActransferase [41] .
Perspectives
The identification of genes involved in GPI biosynthesis and GPI attachment to proteins has laid a solid foundation and given the tools to address biological questions. Although in many respects there is more information on GPI anchor biosynthesis and trafficking of GPI proteins in mammalian cells than in yeast, the yeast system is highly attractive because it can be manipulated genetically and allows to combine mutations into a singe cell. Indeed there remain major gaps in our understanding of GPI protein biosynthesis. We do not know for the moment, how yeast cells harmonize the amount of GPI lipids they synthesize with the demand. The enzymes required for GPI biosynthesis and attachment are mostly integral membrane proteins, a property which does not facilitate biochemical experimentation. For most enzymes there is no enzymology, i.e., the enzymes have not been purified, and in many cases their substrate specificity is not known. E.g., it is not quite sure what GPI lipids the transamidase can transfer. Also, we do not know if all GPI proteins receive the same GPI lipid. Furthermore, the quality of bioinformatics predictors of GPI proteins relies on the quality and amount of biochemical experiments establishing the presence of GPI anchors on the proteins used as the training set [7] . The available predictors may not be perfect, since certain GPI proteins, such as YPS1, have very bad scores on the predictor, but clearly possess GPI anchors [165] . The enzymes allowing lipid remodeling are largely unknown, as is the physiological role of the remodeling process. The same is true for the enzymes adding the 5th mannose to the anchor in the Golgi. Also, we do not know, if all proteins are remodeled in equal proportions along the several remodeling pathways, or if each GPI proteins is remodeled in a single, distinct way. Furthermore, the retention of non-anchored GPI proteins in the ER as well as the intracellular sorting of anchored GPI proteins in ER, trans-Golgi and the endocytic pathway of yeast are not very well understood. The elaboration and structural reshaping of the cell wall appears to be very complex as it depends on enzymatic reactions, in which neither substrate nor enzyme are freely mobile and the full understanding of the biochemical processes in the cell wall will require unusual and highly sophisticated experimental approaches.
